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Abstract: Picking fruits from tall fruit trees manually is laborious and inefficient. Rotary-
wing drones, a low-altitude carrier platform, can enhance the picking efficiency for tall
fruit trees when combined with picking robotic arms. However, during the operation of
rotary-wing drones, the wind field changes dramatically, and the center of gravity of the
drone shifts at the moment of picking, leading to poor aerodynamic stability and making
it difficult to achieve optimized attitude control. To address the aforementioned issues,
this paper constructs a drone and wind field testing platform and employs the Lattice
Boltzmann Method and Large Eddy Simulation (LBM-LES) algorithm to solve the high-
dynamic, rapidly changing airflow field during the transient picking process of the drone.
The aerodynamic structure of the drone is optimized by altering the rotor spacing and duct
intake ratio of the harvesting drone. The simulation results indicate that the interaction
of airflow between the drone’s rotors significantly affects the stability of the aerodynamic
structure. When the rotor spacing is 2.8R and the duct ratio is 1.20, the lift coefficient is
increased by 11% compared to the original structure. The test results from the drone and
wind field experimental platform show that the rise time (tr) of the drone is shortened
by 0.3 s, the maximum peak time (tp) is reduced by 0.35 s, and the adjustment time (ts)
is accelerated by 0.4 s. This paper, by studying the transient wind field of the harvesting
drone, clarifies the randomness of the transient wind field and its complex vortex structures,
optimizes the aerodynamic structure of the harvesting drone, and enhances its aerodynamic
stability. The research findings can provide a reference for the aerodynamic optimization of
other types of drones.

Keywords: harvesting drone; characteristics of the wind field; LBM-LES; structural optimization

1. Introduction
Fruit is the third-largest agricultural industry in China, and the development of fruit-

picking technology directly affects the benefits of the fruit industry [1,2]. Take lychee,
longan, and other tall fruit trees as examples. Since most of their planting areas are in
hilly and mountainous regions and the trees are relatively tall, manual picking is very
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difficult [3,4]. With the continuous innovation and application of robotic technology, the
role of fruit-harvesting drones is becoming increasingly important. They can effectively
improve the efficiency and quality of fruit picking, reduce labor costs and intensity, and
promote the modernization and intelligent development of agricultural production.

Currently, research on picking robots for tall fruit trees such as lychee and longan is
relatively scarce [5,6]. The challenges lie in how robots can stably navigate to target points
on hilly terrain and how to adjust their height at will for picking operations when facing
trees with great height and span [7]. Drones, as low-altitude flying carriers, are not only free
from height restrictions for picking but also adaptable to complex mountainous terrain [8,9].
Moreover, due to their high degree of movement freedom, they can quickly and efficiently
carry out picking operations after the visual module identifies the picking targets [10].
However, the complex orchard environment requires that the size of the harvesting drone
not be too large, while ensuring that it has sufficient lift to carry the weight of the picked
fruits [11–13]. This means that the harvesting drone must be lightweight, have a large
lift, and meet aerodynamic stability characteristics. Therefore, studying the transient
wind field of the harvesting drone, solving for the optimal structure of the harvesting
drone, and improving its aerodynamic stability during the picking process are of great
significance [14,15].

Currently, research on rotor flow fields is primarily divided into two approaches:
experimental and theoretical methods. Theoretical studies typically use numerical sim-
ulations to explore turbulent motion processes, aiming to reveal the flow characteristics
of the downwash airflow and its impact on drone flight [16–18]. Computational Fluid
Dynamics (CFD) is a numerical simulation method that solves fluid dynamics equations
using computers. It can simulate the fluid motion around the rotor, capture vortex flow
details, and uncover the characteristics of airflow around the rotor [19–21]. Reference [22]
employed CFD (The abbreviations are listed in Appendix A) to investigate the distribu-
tion characteristics of the downwash flow field during hover of quadrotor agricultural
drones. They analyzed the flow phenomena of the downwash airflow across different
time and spatial dimensions, revealing the “spiral effect” of the downwash and its impact
on agricultural production. Reference [23] used CFD simulations to analyze the wing
area and installation angle of a tilt-rotor drone. By adjusting the angle of attack to induce
downwash flow separation between rotors, they improved the aerodynamic performance
of the harvesting drone. Reference [24] applied the Lattice Boltzmann Method (LBM) for
numerical simulation of the downwash airflow field of a hexacopter agricultural drone,
studying the airflow separation characteristics and equivalent airflow coverage area under
different flight speeds and hover heights. Reference [25] also utilized LBM to simulate the
downwash wind field of a hexacopter agricultural drone in flight, investigating the flow
field distribution characteristics under various flight parameters. Reference [26] conducted
large eddy simulations (LESs) of the downwash airflow for a single-rotor agricultural
drones using the LBM method, finding that the asymmetric distribution of the downwash
flow during flight might affect the uniformity of droplet distribution. Zhu et al. [27], using
CFD, studied the flow characteristics and velocity distribution of quadrotor agricultural
drones at different flight speeds, analyzing the impact of vortices generated during flight
on the drift of spray droplets. This body of work provides crucial insights into the aero-
dynamic characteristics and flow field distribution of drones in agricultural applications,
contributing to improved drone design and performance in real-world operations.

Wang Chunyang [28] and colleagues from Northwestern Polytechnical University,
based on the leaf element momentum theory combined with experimental data, established
a coaxial dual-rotor duct aerodynamics model and a thrust duct aerodynamics model. Us-
ing the developed models, they performed longitudinal equilibrium solutions and stability
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analysis for a drone in both hover and transition states. For coaxial multirotor drones,
Yoon et al. [29] conducted high-precision numerical simulations, validating that coaxial
multirotor drones, when using supercomputing platforms, generate stronger downwash
airflow compared to single-axis multirotor drones, thereby increasing the aircraft’s payload
capacity and improving hover efficiency. Lei et al. [30] analyzed the downwash flow distri-
bution for both single-axis and coaxial multirotor drones and verified their findings through
wind tunnel experiments, concluding that coaxial multirotor drones exhibit more stable
structures and stronger resistance to lateral wind disturbances. This research contributes to
improving the aerodynamic performance and stability of coaxial multirotor drones, offering
insights for future drone design and application in complex environments.

Overall, current research on downwash flow fields, both domestically and interna-
tionally, has explored various vortex phenomena such as the spiral effect, ground effect,
and horseshoe vortices, and examined their impact on operational performance [31–33].
However, most studies on flow fields focus on static processes and their effects on droplet
deposition, with limited research on how drone-induced wind fields affect the aerodynamic
stability of the drone itself. In this context, we propose a novel simulation method combin-
ing the LBM with LES to investigate the transient wind field during the drone’s harvesting
process [34–36]. Our experiments also demonstrate that this method is capable of solving
the transient wind field for drones. The main contributions of this work are as follows:

• A novel approach for studying transient wind fields. We propose a new method for
investigating transient wind fields based on LBM-LES. This approach enables more
accurate simulation of both large-scale turbulent structures and the microscopic fluid
motion, providing improved turbulence information.

• Interaction between drones and tree canopy. By designing a porous medium model
to represent the tree canopy surface, we examine the interaction between the harvest-
ing drone and the tree canopy. This interaction is essential for understanding the
aerodynamic effects during the harvesting process.

• Experimental validation and aerodynamic optimization. We developed an experimen-
tal platform to validate the accuracy of our simulation algorithm. Furthermore, we
explored the impact of rotor spacing and duct intake ratio on the drone’s transient wind
field and conducted aerodynamic structural optimization for the harvesting drone.

This research contributes to improving the understanding of drone-induced wind
fields and their effects on the drone’s aerodynamic stability during harvesting operations,
offering new insights for drone design and operational efficiency.

2. Materials and Methods
2.1. Establishment of Drone Model

The harvesting drone mentioned in this paper is a self-built quad-rotor ducted drone,
with the parameters shown in Table 1. The physical models of the harvesting drone’s duct,
fuselage shell, and picking rod are modeled and processed according to standard design
requirements, which can effectively ensure the precision of the models. The blades are
obtained through high-precision 3D scanners to acquire 3D models and then combined with
Boolean operations to establish the geometric model of the entire computational domain.
Figure 1 shows the actual harvesting drone and the model in the simulation environment.
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Table 1. Harvesting drone parameter table.

Project Parameters Value

Drone Weight 2.38 kg
Fuselage Length 610 mm
Fuselage Width 670 mm

Harvesting Rod Extension Distance 500 mm
Symmetrical Motor Spacing 595 mm

Number of Rotors 4
Rotor Diameter 337 mm
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ployed at these designated points to record wind field parameters and validate the simu-
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Figure 2. Drones wind field testing platform. 

Figure 1. Diagram of the harvesting drone. 1⃝ Shears Head; 2⃝ Harvesting Rod; 3⃝ Rotor Blades;
4⃝ Ducted Fan; 5⃝ Flight Controller; 6⃝ Fuselage.

2.2. Establishment of Drone Wind Field Testing Platform

As illustrated in Figure 2, this platform serves as a dedicated testbed for the harvesting
drone, aiming to precisely measure rotor speed, variations in the drone’s lift force, and
wind field characteristics at designated positions. The central control unit is responsible for
acquiring data from the drone’s attitude sensors and transmitting control signals to regulate
rotor operation. A tensile sensor is installed at the interface between the drone and the base
to assess variations in the lift coefficient. As shown in Figure 2, this platform is specifically
designed for wind field testing of the drone, where the dashed framework indicates the
sensor measurement locations. A thermosensitive anemometer probe is deployed at these
designated points to record wind field parameters and validate the simulated airflow
distribution of the harvesting drone. As presented in Table 2, the fundamental specifications
of the various sensors used in this platform are summarized.
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Table 2. Fundamental specifications of the sensors.

Measurement Device Measurement Range Resolution Accuracy Other Specifications

Tensile Sensor 0–10 kg 0.01 0.3% Combined error: ≤±0.3%;
Sensitivity: 1.0/2.0 ± 10% mV/V

Rotational
Speed Measurement 2.5–99,999 RPM 0.01 ±0.5% + 1 Sampling rate: 0.5 sample/s

Testing distance: 50–500 mm

Thermosensitive
Anemometer Probe

0.1–30.0 m/s
0–50 ◦C

0–9999 m3/min
0.01 ±0.5% + 1 Measurement area: 0.999 ft2

2.3. LES-LBM Numerical Simulation

In computational fluid dynamics (CFD), dynamic grid techniques are commonly
used in dynamic simulations to analyze the hydrodynamic characteristics of rotors in
high-speed rotational motion. For complex quadrotor models with intricate boundary
conditions, mesh reconstruction during the numerical simulation process often consumes
significant computational time, and it is prone to generating negative volumes, leading
to computational errors. On the other hand, the Lattice Boltzmann Method (LBM) is
a mesoscopic-scale computational technique that differs from traditional CFD methods.
From a discrete grid perspective, LBM exhibits properties similar to the Euler method;
however, from its mesoscopic scale and particle distribution-based statistical approach, it
also shares characteristics with the Lagrangian method. LBM offers significant advantages
in solving three-dimensional flow field problems involving complex boundary conditions
and non-stationary moving objects [37].

In the process of using the Lattice Boltzmann Method (LBM) for simulation and
solution, it is necessary to consider the divergence of velocity in space. Therefore, the
D3Q27 model is adopted. This model includes 27 discrete velocity directions: One velocity
direction represents a fluid particle at rest: (0, 0, 0); six velocity directions correspond to
positive and negative velocities along the x, y, and z axes: (±1, 0, 0), (0, ±1, 0), (0, 0, ±1);
twelve velocity directions represent velocities along the diagonals of the coordinate plane:
(±1, ±1, 0), (±1, 0, ±1), (0, ±1, ±1); eight velocity directions represent velocities along the
space diagonals: (±1, ±1, ±1). The model is shown in Figure 3.
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In order to better study the complex transient wind field of the harvesting drone, the
concept of Large Eddy Simulation (LES) is incorporated into the Lattice Boltzmann Method
(LBM). This approach allows for a more accurate simulation of the large-scale structures of
turbulence as well as the microscopic motion of fluid, providing more precise turbulence
information. Since the LES method primarily analyzes large-scale vortices directly, the
effects of small-scale vortices are handled by introducing a subgrid-scale model, with the
Smagorinsky model being the most efficient. In the Smagorinsky model, the turbulent
viscosity (vt) is calculated using the following relationship:

vt= (Cs∆)2
√

2SijSij (1)

Sij represents the components of the strain rate tensor of the fluid, defined as the
symmetric part of the velocity gradient. Cs is the Smagorinsky constant, which, due to the
lattice size settings in the simulation environment, is set to 0.12 in this study. ∆ is the lattice
size and is set to 0.0125.

2.4. Simulation Boundary Condition Setting
2.4.1. Simulation Parameter Setting

The fluid analysis type is unidirectional external flow, with a no-flow condition set for
the surrounding space. A CFD simulation method based on the Lattice Boltzmann Method
(LBM) is used to study the wind field of the fruit-harvesting drone. The parameters for the
air are set at 1.225 kg/m3.

In the simulation environment, the three-dimensional coordinate system for the fruit-
harvesting drone is set as follows: the Y-axis represents the direction of gravity, the X-axis
positive direction is aligned with the direction of the drone’s picking arm (forward di-
rection), and the Z-axis represents the width of the drone. The computational domain
has a spatial size of 6 m × 4 m × 6 m. The XOZ plane is set as the ground, with gravity
acceleration considered along the Y-axis, and the gravity acceleration is set to −9.8 m·s−2.
The generation of rotor lift and downwash flow field are the key components of the drone.
To accurately capture the airflow field, the lattice resolution around the four rotors is set to
0.025 m, the resolution of the duct is set to 0.1 m, the global spatial discretization resolution
of the computational domain is set to 0.2 m, and the resolution of the airflow wake is set to
0.0125 m. The time step is set to 0.015 s, with a total simulation duration of 3 s and a frame
rate of 60 Hz.

2.4.2. Boundary Setting for the Interaction Model Between the Drone and the Fruit Trees

Porous Media is a type of solid material that is continuous on a macroscopic scale
but contains randomly distributed pore spaces on a microscopic scale. The porous media
model is based on the Darcy–Forchheimer law, expressed as:

s = −µ

α
v − c2α

ρ

2
|v|v (2)

The momentum loss term is represented as s; µ is the dynamic viscosity, α is the perme-
ability, 0.395 m2; ρ is the fluid density,1.225 kg/m3; and c2 is the inertial loss coefficient, 0.4.
Based on the fruit tree model, three-dimensional modeling was performed. In the sim-
ulation software, the fruit tree model was set as a “Porous Jump”. The “Porous Jump”
boundary condition is used to simulate the flow of fluid through a porous medium. This
boundary condition is particularly suitable for cases where the thickness of the porous
region is small relative to the entire flow domain and where the specific details of the porous
structure have minimal impact on the overall flow. It is also applicable in situations where
directly simulating the entire porous structure is computationally expensive. By applying
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the “Porous Jump” boundary condition, the influence of porous media on flow can be
approximated without significantly increasing the computational load. The “Porous Jump”
boundary condition primarily describes the properties of the porous medium through
two parameters. Permeability: Represents the ease with which fluid flows through the
porous medium. The higher the permeability, the easier it is for the fluid to pass through.
Permeability is generally related to the pore structure of the porous medium. In this experi-
ment, it is set to 0.395. Inertial Loss Coefficient: Reflects the additional pressure loss due
to inertial effects when fluid flows through the porous medium. This parameter is related
to the fluid’s velocity and accounts for the loss of kinetic energy at higher flow speeds. In
this study, it is set to 0.4. As shown in Figure 4, this is the interaction model between the
harvesting drone and the fruit trees.

AgriEngineering 2025, 7, 100 7 of 21 
 

 

pressure loss due to inertial effects when fluid flows through the porous medium. This 
parameter is related to the fluid’s velocity and accounts for the loss of kinetic energy at 
higher flow speeds. In this study, it is set to 0.4. As shown in Figure 4, this is the interaction 
model between the harvesting drone and the fruit trees. 

 

Figure 4. Interaction model between the harvesting drone and the fruit trees. 

3. Results and Discussion 
3.1. Interaction Between the Drone and the Canopy Wind Field at Different Distances 

In the investigation of the interaction between the harvesting drone and the fruit tree 
canopy, it is essential to adjust the distance between the drone and the canopy edge. The 
distance d is set to −30 cm, 0 cm, and 30 cm. Figure 5a–c illustrate the wind field distribu-
tions corresponding to d = −30 cm, 0 cm, and 30 cm, respectively. The results indicate that 
the interaction between the rotor airflow and the tree canopy is closely related to the foli-
age density. 

• When d = −30 cm, the foliage density is relatively high, causing the dense canopy to 
absorb part of the kinetic energy, thereby reducing the effective range of the rotor 
airflow. This leads to increased power consumption when the drone hovers or oper-
ates. At this position, the front downwash airflow column undergoes deformation, 
causing the rear rotor’s downwash airflow to disperse outward, while the front 
downwash airflow experiences the greatest energy absorption. Consequently, the 
drone exhibits poor stability and higher power consumption. 

• When d = 0 cm, the foliage density decreases slightly, but at this position, the drone 
enters the vortex ring state. As the airflow interacts with the tree leaves, micro-scale 
vortices form within the boundary layer of the leaves, enhancing local turbulence 
intensity. This results in a reduction in lift force and compromises the drone’s stabil-
ity, requiring continuous rotor speed adjustments to maintain balance. 

• When d = 30 cm, the impact of the rotor airflow on the canopy becomes negligible. 
At this distance, the interaction between the drone’s rotor wind field and the tree 
canopy can be disregarded. 

   
(a)  (b)  (c)  

Figure 5. (a) Represents the harvesting drone’s body covering the edge of the fruit tree canopy by 
30 cm, (b) represents the scenario where the drone’s body is positioned exactly at the edge of the 

Figure 4. Interaction model between the harvesting drone and the fruit trees.

3. Results and Discussion
3.1. Interaction Between the Drone and the Canopy Wind Field at Different Distances

In the investigation of the interaction between the harvesting drone and the fruit
tree canopy, it is essential to adjust the distance between the drone and the canopy edge.
The distance d is set to −30 cm, 0 cm, and 30 cm. Figure 5a–c illustrate the wind field
distributions corresponding to d = −30 cm, 0 cm, and 30 cm, respectively. The results
indicate that the interaction between the rotor airflow and the tree canopy is closely related
to the foliage density.

• When d = −30 cm, the foliage density is relatively high, causing the dense canopy
to absorb part of the kinetic energy, thereby reducing the effective range of the rotor
airflow. This leads to increased power consumption when the drone hovers or operates.
At this position, the front downwash airflow column undergoes deformation, causing
the rear rotor’s downwash airflow to disperse outward, while the front downwash
airflow experiences the greatest energy absorption. Consequently, the drone exhibits
poor stability and higher power consumption.

• When d = 0 cm, the foliage density decreases slightly, but at this position, the drone
enters the vortex ring state. As the airflow interacts with the tree leaves, micro-scale
vortices form within the boundary layer of the leaves, enhancing local turbulence
intensity. This results in a reduction in lift force and compromises the drone’s stability,
requiring continuous rotor speed adjustments to maintain balance.

• When d = 30 cm, the impact of the rotor airflow on the canopy becomes negligible. At
this distance, the interaction between the drone’s rotor wind field and the tree canopy
can be disregarded.
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Figure 5. (a) Represents the harvesting drone’s body covering the edge of the fruit tree canopy by 
30 cm, (b) represents the scenario where the drone’s body is positioned exactly at the edge of the 

Figure 5. (a) Represents the harvesting drone’s body covering the edge of the fruit tree canopy by
30 cm, (b) represents the scenario where the drone’s body is positioned exactly at the edge of the fruit
tree canopy, and (c) represents the harvesting drone’s body located 30 cm away from the edge of the
fruit tree canopy.

3.2. Transient Wind Field Simulation Results of the Harvesting Drone

In the previous section, this study investigated the interaction between the rotor-
induced wind field of the drone and the fruit tree canopy at different distances. The results
demonstrate that the turbulence variations in the downdraft of the rotor wind field are
highly correlated with the canopy leaf density. However, given that the designed picking
arm in this study is approximately 50 cm in length, the influence of the rotor wind field on
the fruit tree canopy is temporarily disregarded. Instead, the focus is placed on analyzing
the transient variations in the wind field during the harvesting operation of the drone.

To better understand the transient wind field changes during fruit harvesting, a pick-
ing test was conducted on a cluster of fruits using the drone, and the drone’s attitude
functions as well as rotor speed data during the harvesting process were recorded. When
configuring the boundary conditions in the XFlow 2019 simulation software, it was neces-
sary to incorporate the drone’s attitude functions, rotor speed, and environmental boundary
conditions, as previously discussed in Section 2.4. The final simulation results are presented
in Figure 6.

Figure 6a represents the wind field of the drone during normal hovering, where the
downwash flow column is stable, the diffusion gradient is well-formed, and the aerody-
namic performance remains relatively stable. Figure 6b illustrates the moment when the
drone is affected by its weight during harvesting, causing the front end to tilt downward.
At this point, the drone’s pitch angle is approximately 6◦. The downwash column beneath
the front rotor begins to bend at a distance of about 1 m, and the downwash column below
the rear rotor is deformed at a distance of about 0.3 m. Figure 6c depicts the drone con-
tinuing to pitch downward with a pitch angle of about 11◦, where a distinct stratification
occurs in the airflow behind the rear rotor. Figure 6d shows the drone with a pitch angle of
approximately 18◦, which is the maximum pitch angle. At this stage, both the front and
rear rotor downwash flows break up, but the breakdown of the rear rotor’s downwash is
more significant. The downwash flow from the front rotor experiences slight stratification
at about 1.5 m. Figure 6e,f represent the process of the drone’s pitch angle decreasing as
it starts to ascend, with pitch angles of approximately 14◦ and 6◦, respectively. At this
point, there is an interaction between the airflow from the front and rear rotors, but no
merging occurs. The airflow from the rear rotor fails to continue to diffuse stably, leading
to an intersection of aerodynamic performance. Figure 6g shows the drone at a pitch angle
of 0◦ during the ascent, but the downwash flow has not yet returned to a stable state.
The intersection of the downwash airflow leads to increased flow dissipation, resulting
in higher energy consumption and poor aerodynamic performance. Figure 6h illustrates
the drone with a slight positive pitch angle due to inertia, around 5◦. The merging airflow
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between the rotors continues to diffuse downward, approaching a steady state, and the
aerodynamic performance begins to stabilize. Figure 6i represents the drone reaching
a horizontal state, where the downwash flow field is well-formed and the aerodynamic
conditions are almost stable.
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Figure 6. (a) Represents the wind field of the drone during normal hovering. (b) Represents the drone
with a pitch angle of approximately 6◦. (c) Represents the drone with a pitch angle of approximately
11◦. (d) Represents the drone with a pitch angle of approximately 18◦. (e,f) Represent the drone during
the process of pitch angle reduction, with pitch angles of approximately 14◦ and 6◦, respectively.
(g) Represents the drone during ascent with a pitch angle of 0◦. (h) Represents the drone with a slight
positive pitch angle due to inertia, with the angle being approximately 5◦. (i) Represents the drone
returning to a horizontal state.

According to the simulation results, during the harvesting process of the drone, the
airflow interference between the two rotors causes significant changes in the drone’s
wind field. The angle between the airflow streams influences the stable diffusion of the
downwash flow. Therefore, the rotor spacing results in mutual interaction between the
airflows, which in turn affects the overall aerodynamic performance of the drone.

3.3. Aerodynamic Characteristics of the Drone at Different Rotor Spacings
3.3.1. Characteristics of Hovering Downwash Flow Field at Different Rotor Spacings

In the previous section, the transient wind field of the harvesting drone was simulated
and solved. Based on the results of the transient simulation, it is necessary to analyze the
aerodynamic characteristics of the drone by adjusting the rotor spacing and determining the
most suitable rotor spacing for the harvesting drone. Since the wind field in the hovering
state significantly influences the aerodynamic stability of the drone, the wind field under
hovering conditions is also solved. The rotor speed is set to 6400 rad/s, and considering
the operating principle of the quadcopter, the rotor speeds of adjacent rotors are set to be
the same in magnitude but opposite in direction. The rotor spacing is set to range from
2.4R to 3.6R, with a variable interval of 0.4R, yielding a total of four groups, where R is the
radius of the drone’s rotor.

Figure 7 shows the downwash flow field of the harvesting drone at different rotor
spacings. Figure 7a represents the drone with a rotor spacing of 3.6R, where the intersection
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of the airflow occurs approximately 1.2 m from the drone. At this rotor spacing, the angle
between the intersecting airflows is relatively small, resulting in minimal interference
between the two rotor airflows. There is no significant interaction between the airflows
of the rotors. Figure 7b represents the drone with a rotor spacing of 3.2R, where the
intersection of the downwash flows from adjacent rotors occurs approximately 0.8 m from
the drone. According to the streamlines, the airflow from the rear rotor is directed vertically
downward, causing interference with the airflow from the front rotor. As a result, the
merging of the two airflows does not result in effective diffusion, and the aerodynamic
effect is suboptimal. Figure 7c represents the drone with a rotor spacing of 2.8R, where
the intersection of the downwash flows occurs approximately 0.4 m from the drone. After
the downwash flows from the rotors merge, the airflow columns diffuse in a V-shaped
pattern. According to the streamline diagram, the airflow is directed vertically downward
after the intersection, resulting in an acceleration effect, and subsequently diffuses outward.
The airflow field is relatively well-formed, and the aerodynamic performance is stable.
Figure 7d shows the drone with a rotor spacing of 2.4R, where the rotor sub-flows begin to
intersect approximately 0.1 m below the drone, forming a cylindrical airflow column. The
airflow starts to diffuse at a distance of 0.4 m below the drone. However, the premature
intersection of the airflows leads to vortex formation, and the airflow at the bottom is not
well-formed.
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Figure 7. (a) Represents the drone with a rotor spacing of 3.6R; (b) represents the drone with a rotor
spacing of 3.2R; (c) represents the drone with a rotor spacing of 2.8R; (d) shows the drone with a rotor
spacing of 2.4R.

Therefore, based on the analysis of the hovering downwash flow field, the merging
effect of the airflows is most positively influenced when the rotor spacing is around 2.8R.

3.3.2. Lift Coefficient at Different Rotor Spacings

The lift coefficient of the drone is an important indicator of its flight efficiency. There-
fore, when analyzing the airflow field of the harvesting drone while hovering, the lift
coefficient must also be considered as a reference factor.

The lift coefficient of the rotors at different rotor spacings is shown in Figure 8. From
a lift perspective, optimal rotor spacing increases the lift coefficient. As the rotor spacing
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increases from 2.4R to 3.6R, the lift coefficient first increases and then decreases. At a rotor
spacing of 2.4R, the interaction between the airflow from adjacent rotors is at its maximum.
However, according to the wind field diagram, vortex formation causes dissipation effects,
resulting in some loss of kinetic energy, so the lift coefficient is not the highest. When the
rotor spacing is 2.8R, the lift coefficient reaches its maximum value. At this spacing, the
downwash flows from adjacent rotors exert a positive effect on each other, maintaining
the drone’s flow field in a stable state. Additionally, the lift coefficient exhibits relatively
small fluctuations, indicating that the drone’s aerodynamic performance is stable at this
rotor spacing. As the rotor spacing continues to increase, the lift coefficient decreases,
likely because the aerodynamic influence between the rotors becomes weaker, causing the
positive effects of flow merging to diminish.
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3.3.3. Transient Wind Field Analysis of the Drone at Different Rotor Spacings

The previous two sections studied the flow field characteristics of the harvesting drone
during hovering at different rotor spacings. It was found that only at an optimal rotor
spacing do the airflows between the rotors merge and accelerate, forming a stable down-
wash flow that enhances the drone’s stability. An inappropriate rotor spacing, however,
can disrupt the aerodynamic stability of the drone, reducing flight efficiency. Therefore,
to explore the impact of different rotor spacings on the transient process of the harvesting
drone, it is necessary to set up simulations with varying rotor spacings and analyze the
transient wind field of the harvesting drone.

To clearly compare the differences in the transient wind field of the harvesting drone
at different rotor spacings, the same time points and pitch angles are used as references
for each group of figures. Specifically, Figures 9a, 10a and 11a represents the drone in
a horizontal state; Figures 9b, 10b and 11b represents the drone with a pitch angle of
18◦; Figures 9c, 10c and 11c represents the drone during ascent with a pitch angle of 10◦;
Figures 9d, 10d and 11d represents the drone after the first ascent to a horizontal state, with
a pitch angle of 0◦; Figures 9e, 10e and 11e represents the drone continuing to ascend due to
inertia, with a pitch angle of 4.5◦; and Figures 9f, 10f and 11f represents the drone gradually
stabilizing in the horizontal state.
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Figure 10. Transient wind field of the harvesting drone with a rotor spacing of 3.2R. (a) represents 
the drone in a horizontal state; (b) represents the drone with a pitch angle of 18°; (c) represents the 
drone during ascent with a pitch angle of 10°; (d) represents the drone after the first ascent to a 
horizontal state, with a pitch angle of 0°; (e) represents the drone continuing to ascend due to inertia, 
with a pitch angle of 4.5°; and (f) represents the drone gradually stabilizing in the horizontal state. 

Figures 11 and 12 illustrate the transient wind fields of the harvesting drone with 
rotor spacings of 2.8R and 2.4R, respectively. Upon analysis, it is observed that when the 
pitch angle reaches its maximum, neither of these configurations experiences airflow vor-
tex breakdown in the downwash, indicating relatively favorable aerodynamic perfor-
mance for the drone. Comparing the (e) diagrams of the two configurations, it can be seen 
that with a rotor spacing of 2.8R, the downwash flow remains relatively stable. This sta-
bility results in a quicker recovery of the aerodynamic performance of the drone when it 
first returns to a horizontal position, as the airflow state with a rotor spacing of 2.8R ap-
proaches stability more rapidly. 

Figure 9. Transient wind field of the harvesting drone with a rotor spacing of 3.6R. (a) represents the
drone in a horizontal state; (b) represents the drone with a pitch angle of 18◦; (c) represents the drone
during ascent with a pitch angle of 10◦; (d) represents the drone after the first ascent to a horizontal
state, with a pitch angle of 0◦; (e) represents the drone continuing to ascend due to inertia, with a
pitch angle of 4.5◦; and (f) represents the drone gradually stabilizing in the horizontal state.
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Figures 11 and 12 illustrate the transient wind fields of the harvesting drone with 
rotor spacings of 2.8R and 2.4R, respectively. Upon analysis, it is observed that when the 
pitch angle reaches its maximum, neither of these configurations experiences airflow vor-
tex breakdown in the downwash, indicating relatively favorable aerodynamic perfor-
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bility results in a quicker recovery of the aerodynamic performance of the drone when it 
first returns to a horizontal position, as the airflow state with a rotor spacing of 2.8R ap-
proaches stability more rapidly. 

Figure 10. Transient wind field of the harvesting drone with a rotor spacing of 3.2R. (a) represents the
drone in a horizontal state; (b) represents the drone with a pitch angle of 18◦; (c) represents the drone
during ascent with a pitch angle of 10◦; (d) represents the drone after the first ascent to a horizontal
state, with a pitch angle of 0◦; (e) represents the drone continuing to ascend due to inertia, with a
pitch angle of 4.5◦; and (f) represents the drone gradually stabilizing in the horizontal state.

The transient wind fields for the harvesting drone with rotor spacing of 3.6R and 3.2R
are shown in Figures 9 and 10, respectively. Analysis of these transient wind field diagrams
reveals that, in both cases, a noticeable airflow separation phenomenon occurs when the
drone is at its maximum pitch angle. This phenomenon is more pronounced when the rotor
spacing is 3.6R compared to 3.2R. The reason for this is that with a rotor spacing of 3.6R,
the airflow interference between the rotors is reduced, making the vortex behind the rear
rotor more susceptible to disruption. Additionally, analysis of the wind field at 2 s, when
the drone is in a horizontal position, shows that the downwash flow recovers more quickly
in the 3.2R configuration.
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Therefore, through a comparative analysis of the wind field diagrams from the four 
sets of figures, it can be concluded that when the rotor spacing of the harvesting drone is 
2.8R, the downwash flow during the harvesting process is less prone to disruption, and 
the aerodynamic performance remains relatively stable. Even after the downwash flow 
field is disturbed, it is able to recover to a stable state relatively quickly. 

3.4. Aerodynamic Characteristics of Harvesting Drone Under Different Duct Ratios 

3.4.1. Analysis of Transient Wind Fields in Harvesting Drone at Different Duct Ratios 

This study alters the duct compression ratio by changing the ratio of the maximum 
to the minimum cross-sectional area of the duct. Therefore, the parameter, referred to as 

Figure 11. Transient wind field of the harvesting drone with a rotor spacing of 2.8R. (a) represents the
drone in a horizontal state; (b) represents the drone with a pitch angle of 18◦; (c) represents the drone
during ascent with a pitch angle of 10◦; (d) represents the drone after the first ascent to a horizontal
state, with a pitch angle of 0◦; (e) represents the drone continuing to ascend due to inertia, with a
pitch angle of 4.5◦; and (f) represents the drone gradually stabilizing in the horizontal state.

Figures 11 and 12 illustrate the transient wind fields of the harvesting drone with
rotor spacings of 2.8R and 2.4R, respectively. Upon analysis, it is observed that when the
pitch angle reaches its maximum, neither of these configurations experiences airflow vortex
breakdown in the downwash, indicating relatively favorable aerodynamic performance for
the drone. Comparing the (e) diagrams of the two configurations, it can be seen that with a
rotor spacing of 2.8R, the downwash flow remains relatively stable. This stability results in
a quicker recovery of the aerodynamic performance of the drone when it first returns to a
horizontal position, as the airflow state with a rotor spacing of 2.8R approaches stability
more rapidly.
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Figure 12. Transient wind field of the harvesting drone with a rotor spacing of 2.4R. (a) represents the
drone in a horizontal state; (b) represents the drone with a pitch angle of 18◦; (c) represents the drone
during ascent with a pitch angle of 10◦; (d) represents the drone after the first ascent to a horizontal
state, with a pitch angle of 0◦; (e) represents the drone continuing to ascend due to inertia, with a
pitch angle of 4.5◦; and (f) represents the drone gradually stabilizing in the horizontal state.
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Therefore, through a comparative analysis of the wind field diagrams from the four
sets of figures, it can be concluded that when the rotor spacing of the harvesting drone is
2.8R, the downwash flow during the harvesting process is less prone to disruption, and the
aerodynamic performance remains relatively stable. Even after the downwash flow field is
disturbed, it is able to recover to a stable state relatively quickly.

3.4. Aerodynamic Characteristics of Harvesting Drone Under Different Duct Ratios
3.4.1. Analysis of Transient Wind Fields in Harvesting Drone at Different Duct Ratios

This study alters the duct compression ratio by changing the ratio of the maximum
to the minimum cross-sectional area of the duct. Therefore, the parameter, referred to as
the duct ratio β, is defined as the ratio of the maximum to minimum duct area. By varying
the value of β, the duct is optimized. The meanings of Smax and Smin within the duct are
illustrated in Figure 13.
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In order to analyze the aerodynamic characteristics of ducts with different duct ratios,
transient wind field simulations were conducted for four different duct ratios. The duct
ratios were arranged sequentially from left to right, ensuring that the wind fields of
each duct did not interfere with one another. The bypass ratios are sequentially set as
β = 1.15, β = 1.20, β = 1.25, β = 1.30. A posture function was then set to simulate the
transient wind field of a single duct. As shown in Figure 13, the wind field diagrams for
each duct are presented. Specifically, Figure 14a–f correspond to the following time points:
0.8 s, when the duct is in a horizontal position; 1.2 s, with a duct pitch angle of 18◦; 1.4 s,
with a duct pitch angle of 10◦; 1.45 s, with a duct pitch angle of 0◦; 1.6 s, with a duct pitch
angle of 4.5◦; and 2 s, when the duct returns to a horizontal position.
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Based on the simulation results, it was found that during hovering, the duct with
β = 1.20 exhibits the fastest airflow acceleration and the most concentrated airflow shape,
indicating a significant increase in air mass flow rate. During the ascent phase, the airflow
within this duct remains stable, and after returning to the horizontal position, its airflow
stabilizes most rapidly. Therefore, the duct with β = 1.20 demonstrates the best overall
aerodynamic performance.

3.4.2. Vorticity Contour Plots of Harvesting Drone Under Different Duct Ratios

The lower the vorticity in the drones, the higher the efficiency of the rotor blades’
work, with less airflow disturbance and dissipation. Figure 15 shows the vorticity contour
plots of the rotor blades for the four ducts at 0.8 s, 1.4 s, and 2 s. Based on the analysis of
these vorticity contour plots, it can be seen that when β = 1.15 and β = 1.20, the two ducts
generate fewer vortices, which provides a greater advantage in improving the aerodynamic
stability and reducing dissipation.
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3.5. Optimal Structural Configuration of Harvesting Drone

To determine the optimal structural configuration of the harvesting drone, a series
of combination experiments were conducted, varying both the duct ratio and rotor spac-
ing. The lift coefficients of the drones were measured for each configuration, and the
experimental values were compared with the simulation results.

Through experimental analysis, it was found that the harvesting drone achieves the
highest lift coefficient when the rotor spacing is 2.8R and the duct ratio is 1.2. Based on the
wind field analysis, it was observed that in this configuration, the flow field around the
lower rotor remains relatively stable. Therefore, the rotor spacing of 2.8R and the duct ratio
of 1.2 were selected as the optimal structural configuration for the drones. This combination
led to an 11% increase in lift coefficient compared to the original structure, thus improving
the aerodynamic stability during flight.

Figure 16 shows the experimental lift coefficient values and the corresponding valida-
tion results for each configuration.
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3.6. Experimental Results Validation

To validate the accuracy of the simulation results, a testing platform for the harvest-
ing drone was designed, and parameters such as wind field velocity and lift coefficient
were measured, as shown in Figure 17. Similarly, wind speed sensors were set up in the
simulation environment, as explained in Figure 2. Taking the symmetric center point of
the UAV as the origin (0, 0, 0), the coordinates of sensor1 are set to (0.2, −0.3, −0.2), and
the coordinates of sensor2 are set to (0.2, −0.3, 0). The simulation values at two sensor
locations, sensor1 and sensor2, were compared with the experimental values obtained from
the harvesting test. The results are shown in Figure 18. It was observed that there was a
larger error in wind speed measurements during the drone’s pitching motion, with the
worst error reaching approximately 11%, which is within the acceptable experimental error
range. The possible cause of this error is that during this phase, the drone’s wind field was
in its most unstable state, and the variation was too large to be accurately measured. At
other measurement time points, the measurement error for the harvesting drone was ap-
proximately 4%. Therefore, it can be concluded that the simulation results for the transient
wind field of the harvesting drone are accurate.
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Line; 4⃝ Tensile Sensor; 5⃝ Rotational Speed Measurement; 6⃝ A cluster of fruit.
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the test values of Sensor 1 and the wind field simulation values. (b) represents the numerical
comparison between the test values of Sensor 1 and the wind field simulation values.
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Based on the above experimental analysis, it was found that the flow field performance
of the drones is relatively better when the rotor spacing is around 2.8R, and the duct ratio
design also shows good aerodynamic effects. Therefore, the overall structure of the drones
was redesigned accordingly. To demonstrate that the optimized structure can indeed
improve the stability of the drones, further orchard harvesting experiments were conducted
with the optimized harvesting drone. Finally, the attitude curves before and after the
harvesting process were compared, as shown in Figure 19.
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Based on the curves in the figure and applying principles from automatic control
theory, the time it takes for the harvesting drone to reach a horizontal position is defined as
the rise time tr, which indicates when the drone first reaches a horizontal steady state. The
time at which the drone reaches the maximum pitch angle is defined as the peak time tp,
representing the time required for the drone to exceed the horizontal state and reach the
first peak during the recovery process. The time when the drone’s pitch angle enters the
1◦ range is defined as the settling time ts.

From the comparison between the pre- and post-optimization results, it can be ob-
served that the optimized drone has a rise time tr that is approximately 0.3 s faster, a peak
time tp that is about 0.35 s faster, and a settling time ts that is around 0.4 s faster. This indi-
cates that the optimized structure allows the drones to achieve equilibrium more quickly.

4. Conclusions
In this study, a three-dimensional model of the harvesting drone was established, and

the LES-LBM method was employed to accurately simulate the transient wind field during
the harvesting process. The research focused on both the interaction between the rotor
wind field and the fruit tree canopy, as well as the transient wind field variations during
harvesting. Additionally, a dedicated drone harvesting test platform was designed and
constructed to obtain key parameters such as the drone’s attitude functions, lift force, wind
field distribution, and rotor speed, thereby validating the accuracy of the simulation results.
The main conclusions are as follows:

• The interaction between the harvesting drone and the fruit tree canopy is primarily
influenced by the density of the foliage. When the foliage density is high, a significant
portion of the airflow energy is dissipated, leading to increased power consumption
and reduced flight stability. Upon initial contact between the rotor airflow and the
canopy, microscale vortices in the boundary layer intensify local turbulence, causing a
reduction in lift force and a degradation of drone stability. However, when the distance
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between the drone rotor and the canopy exceeds 30 cm, the interaction effect weakens,
and the drone maintains better aerodynamic performance.

• Through LES-LBM simulations, it was observed that the transient wind field undergoes
significant variations during the harvesting process. However, after the front and rear
rotor airflows merge, the downwash flow stabilizes more rapidly. This suggests that
adjusting the rotor spacing could enhance the aerodynamic stability of the harvesting
drone. The simulation results indicate that when the rotor spacing is set to 2.8R,
transient airflow diffusion is minimized, and the wind field stabilizes more efficiently.
Furthermore, a comparison of lift coefficients under different rotor spacings revealed
that at a rotor spacing of 2.8R, the periodic lift coefficient increases significantly,
improving the overall aerodynamic performance of the drone.

• To further improve the aerodynamic stability of the harvesting drone, an optimized
ducted rotor design was proposed by adjusting the duct ratio. Simulation experi-
ments demonstrated that when the β = 1.20, the airflow acceleration effect is most
pronounced, and the airflow remains more concentrated, indicating that this duct
design effectively enhances airflow velocity. Additionally, during the recovery phase,
the optimized duct exhibited better airflow retention, and after the drone returned to
a horizontal state, the airflow stabilized more rapidly.

• Based on the optimal rotor spacing and duct ratio, the harvesting drone was recon-
structed accordingly. Experimental validation using the harvesting test platform was
conducted to compare the attitude function variations before and after optimization.
The results showed that the optimized drone achieved a stable horizontal position
0.3 s faster, reduced the maximum pitch angle by 4◦, and shortened the adjustment
time by 0.4 s. These improvements indicate that the optimized drone can achieve
stability more quickly, enhancing operational efficiency and flight performance.

This study provides valuable insights into the structural optimization and aerody-
namic enhancement of harvesting drones, laying a foundation for their future applications
in precision agricultural operations.
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Appendix A

Table A1. Abbreviation explanation.

Abbreviation Full Term

UAV Unmanned Aerial Vehicle
LBM Lattice Boltzmann Method
LES Large Eddy Simulation
CFD Computational Fluid Dynamics
RPM Revolutions Per Minute

RANS Reynolds-Averaged Navier-Stokes
CAD Computer-Aided Design

XFlow CFD Simulation Software
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